Viral infections increase vagally mediated reflex bronchoconstriction. Decreased function of inhibitory M 2 muscarinic receptors on the parasympathetic nerve endings is likely to contribute to increased acetylcholine release. In this study, we used cultured airway parasympathetic neurons to determine the effects of parainfluenza virus and of interferon (IFN)-␥ on acetylcholine release, inhibitory M 2 receptor function, and M 2 receptor gene expression. In control cultures, electrically stimulated acetylcholine release increased when the inhibitory M 2 receptors were blocked using atropine (10 Ϫ 5 M) and decreased when these receptors were stimulated using methacholine (10 
Introduction
Viral infections are associated with exacerbations of asthma (1) and cause vagally mediated hyperresponsiveness in normal subjects (2, 3) . Studies in virus-infected guinea pigs demonstrate that the efferent arm of vagally mediated reflex bronchoconstriction is abnormal, as release of acetylcholine in response to electrical stimulation of the vagus is increased (4) .
Under normal circumstances, the release of acetylcholine from airway parasympathetic nerves is limited by inhibitory muscarinic M 2 receptors on the nerve endings. These receptors, which have been demonstrated in guinea pigs (5) , rats (6) , cats (7) , dogs (8) , and humans (9, 10) , are markedly dysfunctional in parainfluenza virus-infected guinea pigs (11) and rats (12) . Previously, we have suggested several mechanisms by which viral infections may impair the function of airway neuronal M 2 receptors. Studies in which guinea pigs were depleted of leukocytes before parainfluenza virus infection demonstrated that both leukocyte-dependent and leukocyte-independent mechanisms may be involved (13) .
Recently, we have described a method for growing primary cultures of guinea pig airway parasympathetic neurons (14) . These cells synthesize acetylcholine and release it in response to electrical stimulation. They express M 2 receptors that can be demonstrated at the mRNA level using reverse transcription (RT) 1 -PCR, at the protein level by immunocytochemistry, and functionally. Stimulated acetylcholine release from these cells is potentiated when the M 2 receptors are blocked by atropine, and inhibited when the M 2 receptors are stimulated using methacholine (14) .
In these studies, we investigated the effects of infection of the nerve cells with parainfluenza virus and of treatment with IFN-␥ (a cytokine that is produced by lymphocytes in response to viral infections) on the expression and function of M 2 receptors. 
Methods

Animals
Cell culture
Parasympathetic nerve cells were isolated and cultured using a method modified from Burnstock et al. as described previously (14) . In brief, guinea pig trachealis muscle, containing parasympathetic ganglia, was minced and disaggregated using collagenase (0.2%). The resultant cell suspension was plated in 35 ϫ 10 mm polystyrene culture dishes and incubated at 37 Њ C in 5% CO 2 . After 90 min, all nonadherent cells were gently collected and replated on Matrigel-coated (Collaborative Biomedical Products, Bedford, MA) culture dishes. Cells were grown in serum-free medium that contained 50% Ham's F12 and 50% DME supplemented with 20 g и ml Ϫ 1 L -glutamine (BioWhittaker, Walkersville, MD), 500 g и ml Ϫ 1 fatty acid-free BSA (Calbiochem Corp., San Diego, CA), 20 g и ml Ϫ 1 rat transferrin, 10 g и ml Ϫ 1 bovine insulin, 100 ng и ml Ϫ 1 ␤ -nerve growth factor (Sigma Chemical Co., St. Louis, MO), and 125 U и ml Ϫ 1 penicillin (GIBCO BRL, Gaithersburg, MD). Cultures were incubated at 37 Њ C in 5% CO 2 and were fed every 48 h. 24 h after plating, cytosine arabinoside (1.0 M) was added to the medium and remained thereafter to inhibit growth of any dividing cells remaining in the culture. Cells were generally used in experiments 7-10 d after plating.
Viral infection and IFN-␥ treatment of cultured nerve cells
Parainfluenza type 1 (Sendai virus; ATCC VR-105) was grown in embryonated chicken eggs for 2 d at 34 Њ C. Infected fluid was cleared by low-speed centrifugation and stored in aliquots at Ϫ 70 Њ C. Viral content was determined by exposing Rhesus monkey kidney cell monolayers (Viromed, Minnetonka, MN) to serial 10-fold dilutions of the virus stock solution. After incubation for 1 wk at 34 Њ C, infection was determined using a hemadsorption assay (15) . The monolayers were washed and the medium replaced with a 0.5% suspension of guinea pig erythrocytes. After 1 h, the erythrocytes were washed off, and the monolayers were examined under an inverted phase-contrast microscope (Olympus) for evidence of hemadsorption. Viral content was determined as the multiple of the amount of stock solution required to produce infection in 50% of the Rhesus monkey kidney cell monolayers, the TCID 50 (TCID ϭ tissue culture infectious dose).
Cultured nerve cells were infected by adding 2 ϫ 10 4 TCID 50 to each well. Virus was allowed to adhere to the neurons for 1 h at 34 Њ C. The infecting medium was then removed, the cells were washed, and fresh medium was added. Infection of these cells was demonstrated both by recovering virus from the culture medium 24 h later and by a hemadsorption assay done directly on the infected nerve cells.
To treat cells with IFN-␥ , mouse recombinant IFN-␥ (Sigma Chemical Co.) was added to the culture medium at a final concentration of 300 U/ml. This was left in until functional experiments were done or RNA was harvested. All studies of acetylcholine release, M 2 receptor function, and M 2 receptor gene expression were done 24 h after either viral infection or treatment with IFN-␥ .
Measurement of acetylcholine using chemiluminescence
Acetylcholine was measured as described previously (14) using a modification of a method described by Israel and Lesbats (16) . This method is based on the following reactions: ( 1 ) Acetylcholine → choline ϩ acetate; ( 2 ) Choline → betain ϩ H 2 O 2 ; where ( 1 ) is catalyzed by cholinesterase and ( 2 ) is catalyzed by choline oxidase. When horseradish peroxidase and luminol are exposed to this product, it leads to a chemiluminescent reaction of the luminol with the H 2 O 2 that is proportional to the original concentration of acetylcholine. This was read in a chemiluminometer (Wallac, Gaithersburg, MD). As little as 0.4 nM acetylcholine can be measured using this technique.
96-well plates of neurons were grown for 7-10 d. Cells were washed with Krebs-Henseleit solution of the following composition (mM): NaCl 117.5, KCl 5.6, MgSO 4 1.18, CaCl 2 2.5, NaH 2 PO 4 1.28, NaHCO 3 25.0, and dextrose 5.55, bubbled with 5% CO 2 and 95% O 2 ; pH 7.4. Cells were then washed twice more for 1 min/wash with 100 l of physiological solution, and 10-l samples of each wash were taken for measurement of acetylcholine. Cells were stimulated by field stimulation using electrodes placed into the wells, and a 10-l sample of the physiological solution was taken for measurement of acetylcholine release at the end of 1 min. The physiological solution was then replaced with physiological solution containing 80 mM KCl, and acetylcholine was measured 5 min later.
Each 10-l sample was mixed with 0.5 ml of chemiluminescent reaction mixture made from 7.5 ml Krebs-Henseleit solution, 80 l of 1,000 U/ml cholinesterase, 100 l of 250U/ml choline oxidase, 50 l of 2 mg/ml horseradish peroxidase, and 100 l of 1 mM luminol. Acetylcholine was measured in relative light units over 1 min. The increase in acetylcholine with electrical field stimulation was calculated as a percentage of the baseline. The total amount of acetylcholine in each well was calculated as the concentration of acetylcholine from two 1-min washes, added to the acetylcholine in the field-stimulated sample, and acetylcholine released by KCl. Because of the possibility of variability in the number of nerve cells from culture to culture, each data point in the acetylcholine release studies represents the mean of five wells.
Testing the function of neuronal muscarinic receptors
To test the function of the M 2 muscarinic receptors on these nerve cells, the receptors were either blocked using atropine (10 M) or stimulated using methacholine (0.1 M). Because methacholine is not susceptible to degradation by cholinesterase, it does not interfere with the acetylcholine assay described above (as we have demonstrated previously [14] ).
For experiments in which the M 2 receptors were blocked using atropine, the stimulus parameters were frequency ϭ 5 Hz, pulse duration ϭ 0.1 ms, stimulus intensity ϭ 1 V, 30 pulses/train. For experiments in which the M 2 receptors were stimulated using methacholine, the stimulus parameters were frequency ϭ 2 Hz, pulse duration ϭ 0.1 ms, stimulus intensity ϭ 1 V, 30 pulses/train. The reason for the different stimulus parameters in these two sets of experiments is that the receptor's response to endogenous agonist is greater at higher stimulus frequency (5), making it easier to demonstrate using atropine. Conversely, it is easier to demonstrate the effect of stimulating the receptor with an exogenous agonist (methacholine) when the receptor is not being stimulated by endogenous agonist, i.e., at lower stimulus frequency. A frequency-response curve was also generated using stimulus parameters of frequency ϭ 0.2-10 Hz, pulse duration ϭ 0.1 ms, stimulus intensity ϭ 1 V, 6 s/train.
Competitive RT-PCR assay for M 2 receptor gene expression
Generating internal standard M 2 receptor cRNA. We extracted RNA from guinea pig heart by homogenizing tissues in RNAzol lysis buffer and extracting with chloroform and phenol/chloroform. RNA samples were treated for 30 min at 37 Њ C with 2 U RNase-free DNase (Bethesda Research Laboratories, Gaithersburg, MD) to eliminate contaminating genomic DNA. 1 g of RNA was reverse-transcribed to cDNA using Moloney murine leukemia virus reverse transcriptase (2.5 U/ l), dATP, dCTP, dGTP, and cTTP (1 mM each) RNase inhibitor (1 U/ l), and oligo(dT) 16 (2.5 M) . Reverse transcription was carried out at 42 Њ C for 20 min, after which the reverse transcriptase was inactivated by heating to 99 Њ C for 5 min. An aliquot of the reverse transcription reaction was used for PCR to amplify a portion of the guinea pig M 2 cDNA. As the guinea pig M 2 receptor sequence has not been determined previously, we used oligonucleotide primers based on the rat sequence (17): 5 Ј -AAA AAG AAT TCC ACG AAA CCT CTG ACC TAC CC-3 Ј and 5 Ј -AAA AAG GAT CCT CTG ACC CGA CGA CCC AAC TA-3 Ј (underlined sequences are EcoRI and XhoI adapter sites for subcloning). Agarose gel electrophoresis demonstrated a 0.7-kb product, as would be predicted from the rat sequence. We subcloned the PCR product from guinea pig heart into pGEM11. Sequencing reactions were performed on both strands using dye-terminator reactions on a thermocycler (model 9600; Perkin-Elmer Cetus Corp., Norwalk, CT) with the Prism Ready Reaction Dye Terminator Cycle sequencing kits (Applied Biosystems, Inc., Foster City, CA).
To generate an internal standard for the competitive RT-PCR assay, we excised a 43-base segment of the guinea pig M 2 receptor cDNA in pGEM3 using the restriction endonucleases XhoI and MscI. The resulting digest was reacted with Klenow to fill in the 3 Ј recessed ends and ligated. This yielded a template that was cut with BamHI, and transcribed in vitro using T7 polymerase to synthesize cRNA that was 43 bases smaller than the original M 2 receptor RNA.
Nerve cell RNA extraction and RT-PCR. To carry out the competitive RT-PCR assay, we used RNA extracted from control nerve cells, nerve cells that were infected with parainfluenza virus for 24 h, and nerve cells that were exposed to IFN-␥ (300 U/ml) for 24 h. Cells were grown for 7-10 d on 12-well Matrigel-coated plates. RNA was extracted using the RNAzol B method, and the RNA was precipitated in isopropanol overnight. These samples were treated for 30 min at 37ЊC with 2 U RNase-free DNase to eliminate contaminating genomic DNA. 500 ng of RNA was added to internal standard cRNA (0.01-10 pg/sample) in the presence of Moloney murine leukemia virus reverse transcriptase (2.5 U/l), dATP, dCTP, cGTP, and dTTP (1 mM each), RNase inhibitor (1 U/l), and random hexamer primers (2.5 M). Reverse transcription was carried out at 42ЊC for 20 min, after which the reverse transcriptase was inactivated by heating to 99ЊC for 5 min. The absence of contaminating genomic DNA was confirmed by carrying out control reactions in which the reverse transcriptase was omitted.
Samples of cDNA obtained in the above reactions were amplified using AmpliTaq polymerase (1.5 U/50 l) in the presence of 2 mM MgCl 2 , dNTPs (0.4 mM), and paired primers based on the guinea pig M 2 receptor sequence. We designed new primers based on the guinea pig sequence. The upstream primer was 5Ј-TCC TCT CTT TCA TCC TCT GG-3Ј and the downstream primer was GTG CCT GAG TCA CCT TTT TG-3Ј. These primers yield a PCR product of 568 bases using guinea pig M 2 mRNA, and 525 bases using the truncated internal standard cRNA. PCR was conducted for 40 cycles at 95ЊC for 1 min, 62ЊC for 1 min, using a Perkin Elmer-Cetus thermocycler. Final extension was at 72ЊC for 10 min. Aliquots of DNA products (10 l) were run on agarose gels (4%), stained with ethidium bromide (0.5 g/ml), and visualized with ultraviolet illumination. Amounts of PCR product were determined by densitometry. The input amount of M 2 receptor mRNA was then determined by interpolating to determine the amount of internal standard cRNA that yielded a ratio of M 2 mRNA product/cRNA product of 1.
Analysis of data
The frequency-response relationship for stimulated acetylcholine release was analyzed using repeated-measures ANOVA. The effects of atropine and methacholine on acetylcholine release in control, virusinfected and IFN-treated cells were compared using a multiway ANOVA. The levels of M 2 receptor mRNA in control, virus-infected, and IFN-treated cells were compared using a Friedman test. Fig. 1 ) and by recovering virus from the culture medium 24 h after infection. Cultured neurons released acetylcholine in frequencydependent fashion in response to electrical field stimulation (Fig. 2) . Pair-wise comparison revealed that the release of ace- tylcholine was significantly potentiated by viral infection at high (Ն 5 Hz) but not low stimulus frequencies.
Results
Infection of nerve cells. Cultured neurons became infected with parainfluenza virus as demonstrated both by hemadsorption (
Effects of viral infection and IFN-␥ on acetylcholine release
In control neurons, acetylcholine release was potentiated threefold when the M 2 receptors on the cells were blocked using atropine (10 Ϫ5 M; Fig. 3 ). Acetylcholine release was inhibited when cells were treated with methacholine (10 Ϫ7 M; Fig. 4) .
Both viral infection and treatment with IFN-␥ increased the release of acetylcholine when the cells were stimulated at 5 Hz (Fig. 3) but not at 2 Hz (Fig. 4) . Treatment of these cells with atropine did not further increase acetylcholine release (Fig. 3) . Treatment of these cells with methacholine did not decrease acetylcholine release (Fig. 4) .
Sequencing of guinea pig M 2 receptor segment. RT-PCR using mRNA from guinea pig heart and oligonucleotide primers based on the rat M 2 receptor sequence yielded a 683-base product, as would be predicted from the known rat sequence. Analysis of the subcloned M 2 receptor segment from the guinea pig heart revealed 85% sequence identity with the rat receptor sequence (Fig. 5) . After excising the 43-base segment shown, RT-PCR using the new oligonucleotide primers based on the guinea pig sequence yielded a 525-base product starting with the truncated internal standard and a 568-base product starting with guinea pig heart or nerve cell mRNA.
Effects of viral infection and IFN-␥ on M 2 receptor gene expression. Internal standard cRNA added in various amounts
to the mRNA extracted from nerve cells competed with nerve cell M 2 receptor mRNA for primers and bases, yielding two bands distinguishable by agarose gel electrophoresis (Fig. 6 A) . The log ratio of nerve cell product to internal standard product varied inversely and linearly with the log of the amount of internal standard added (Fig. 6 B) . This allowed calculation of the amount of input M 2 receptor mRNA as equal to the amount of input internal standard cRNA added when the ratio of nerve cell product to internal standard product was 1. Competitive RT-PCR measurement revealed that both viral infection and treatment with IFN-␥ decreased M 2 receptor mRNA substantially (Fig. 7) .
Discussion
In these studies, we investigated the effects of IFN-␥, and of infection with parainfluenza virus, on M 2 receptor expression and function in primary cultures of airway parasympathetic neurons. As the predominant lymphocyte response to viral infection of the airways is a CD8 ϩ T lymphocyte response (18), producing IFN-␥, this cytokine is likely to be relevant to the leukocyte-dependent effects of viral infections on the M 2 receptor.
In uninfected nerve cell cultures, treatment with atropine blocked the inhibitory M 2 receptors and increased the release of acetylcholine. This confirms our previously reported studies Figure 3 . Electrically stimulated acetylcholine release from cultured airway neurons. In control neurons, acetylcholine release was potentiated when the M 2 receptors were blocked by atropine (10 Ϫ5 M). Acetylcholine release was increased to about the same level by infection with parainfluenza virus and by treatment with IFN-␥ (300 U/ml). Addition of atropine to virus-infected and IFN-treated cultures did not potentiate acetylcholine release further. Cells were stimulated at 1 V, 0.1-ms pulse duration, at a frequency of 5 Hz, for a train of 30 pulses. Data are mean of five experiments carried out in triplicate with SE. Figure 4 . Electrically stimulated acetylcholine release from cultured airway neurons. In control neurons, acetylcholine release was inhibited when the M 2 receptors were stimulated by methacholine (10 Ϫ7 M). Addition of methacholine to virus-infected and IFN-treated cultures did not inhibit acetylcholine release. Cells were stimulated at 1 V, 0.1-ms pulse duration, at a frequency of 2 Hz, for a train of 30 pulses. Data are mean of five experiments carried out in triplicate with SE. (14) . Furthermore, as we have shown previously, methacholine, by stimulating the M 2 receptors, inhibited the release of acetylcholine.
Both treatment with IFN-␥ and infection with parainfluenza virus markedly increased the release of acetylcholine from the nerve cell cultures. This effect was evident in the experiments reported in Fig. 3 , where a higher frequency of stimulation (5 Hz) was used. This maximizes the effect of endogenous acetylcholine in stimulating the M 2 receptors (5, 14) . Thus, it is easier to demonstrate blockade of the M 2 receptor with atropine at higher frequencies and similarly to demonstrate decreased receptor function at higher frequencies.
In the experiments reported in Fig. 4 , where a lower frequency of stimulation (2 Hz) was used, a small increase in acetylcholine release was seen in virus-infected, but not in IFNtreated, cultures. The lower frequency of stimulation decreases the effect of endogenous agonist on the M 2 receptor, making it possible to demonstrate the function of the M 2 receptors by stimulating them with methacholine. At the same time, this makes it more difficult to demonstrate an increased release of acetylcholine due to M 2 receptor dysfunction.
In virus-infected and IFN-treated cultures, neither atropine nor methacholine altered the release of acetylcholine, demonstrating loss of M 2 receptor function. Furthermore, the observation that the release of acetylcholine in virus-infected and IFN-treated cells was the same as in control cells treated with atropine suggests that loss of M 2 receptor function is responsible for the increased acetylcholine release.
We have shown previously that viral infections impair the function of M 2 receptors in vivo via mechanisms that are both leukocyte-dependent and leukocyte-independent (13, 19) . Among the effects of leukocytes on M 2 receptor function, we have shown that several positively charged proteins of the Figure 5 . Partial sequence of guinea pig muscarinic M 2 receptor cDNA. The product sequenced was generated by RT-PCR of mRNA from guinea pig heart using primers designed based on the sequence for the rat M 2 receptor gene (see text). Primers for competitive PCR were designed based on this sequence as shown. A 43-base segment was excised from this product to make the template for generation of the cRNA internal standard for competitive RT-PCR. eosinophil act as allosteric antagonists at the M 2 receptors (20) . This appears to be an important mechanism of M 2 receptor dysfunction in antigen-challenged guinea pigs, as neutralizing the positively charged proteins using heparin reverses the loss of receptor function (21) , while blocking the effect of eosinophil major basic protein using an antibody prevents antigeninduced loss of receptor function (22) . However, the failure of heparin to reverse the effects of viral infections in virusinfected guinea pigs (13) suggests that the leukocyte-dependent mechanisms of M 2 receptor dysfunction after viral infection are not related to eosinophil proteins. Among the possible leukocyte-independent mechanisms, we showed that parainfluenza virus itself causes a 10-fold loss of agonist affinity for the M 2 receptor when incubated with the receptor in vitro (19) . This was due to cleavage of sialic acid residues by neuraminidase, an enzyme expressed by influenza and parainfluenza viruses.
The decreased expression of the M 2 receptor gene in the current studies may be an additional mechanism of M 2 receptor dysfunction. IFN-␥ is produced by both CD8 ϩ and CD4 ϩ T lymphocytes in response to viral infections (23) . The ability of this cytokine to potentiate the release of acetylcholine from neurons and to make this release unresponsive to atropine and methacholine strongly suggests the loss of a functional M 2 receptor on the cells. The decreased M 2 receptor mRNA in IFN-␥-treated neurons suggests that the mechanism of the effects on acetylcholine release and M 2 receptor function may be at the level of gene expression.
Likewise, viral infection of the neurons also decreased M 2 receptor function and decreased M 2 receptor mRNA. Although the primary site of viral infection is the airway epithelial cell, it is possible that infection of the airway nerves also takes place. Mori and colleagues (24) showed that exposure to parainfluenza virus leads to infection of the olfactory nerves. In the absence of direct infection of the airway parasympathetic nerves, production of IFN-␥ in response to infection of other airway tissues could still decrease the expression of the M 2 receptor gene. This is the first report of the regulation of M 2 receptor gene expression in cultured neurons. However, expression of the M 2 receptor gene has been shown to be regulated in chick heart, cerebellar granular cells, and human lung fibroblasts. Exposure to the muscarinic agonist carbachol decreases M 2 receptor mRNA in chick heart (25) and in cerebellar granular cells (26). Muscarinic agonists may also decrease the M 2 receptor content of cells by mechanisms other than decreased gene expression (27) . In the HEL 299 cell line (human embryonic lung fibroblasts), M 2 receptor expression is decreased by activation of protein kinase C (28) , and by the cytokines IL-1␤, TNF-␣ (29), TGF-␤ (27) , and platelet-derived growth factor (30) .
The effects of viral infection and IFN-␥ on M 2 receptor gene expression, as well as on acetylcholine release and M 2 receptor function, may be important in explaining the effects of viral infection on airway function. It has long been recognized that viral infections are associated with exacerbations of asthma (1) and that they can lead to increased vagally mediated reflex bronchoconstriction (2, 3) . The function of the M 2 muscarinic receptor on the airway nerves is lost after viral infections in both guinea pigs (11) and rats (12) , leading to increased vagally mediated bronchoconstriction (4). Loss of M 2 receptor gene expression as a result either of direct infection of the nerve with virus or of production of IFN-␥ in virus-infected airways may be responsible for loss of the inhibitory feedback that normally limits the release of acetylcholine in the airways. This may explain the increased reflex bronchoconstriction and exacerbation of asthma symptoms seen during viral airway infections. 
